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[57] ABSTRACT 
A methodology for conducting magnetic float polishing of 
magnetic materials. This is accomplished by isolating the 
magnetic workpiece from any appreciable magnetic induc-
tion and subsequently polishing the magnetic workpiece 
utilizing the action of a magnetic buoyancy levitational force 
with conventional magnetic float polishing apparatus. 
6 Claims, 2 Drawing Sheets 
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MAGNETIC FLOAT POLISHING OF 
MAGNETIC MATERIALS 
STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 
Work performed in connection with the development of 
the present invention was sponsored by grants from the 
National Science Foundation on "Design, Construction, and 
Optimization of Magnetic Field Assisted Polishing," (DMI-
9402895) and "Tribological Interaction in Polishing of 
Advanced Ceramics and Glasses (CMS-9414610), and 
DoD's EPSCoR Program on "Finishing of Advanced 
Ceramics" (DAAH04-96-l-0323). The government may 
have rights in this invention. 
BACKGROUND OF THE INVENTION 
1. Field of the Invention 
This invention relates generally to magnetic float polish-
ing and, more specifically, to a methodology for conducting 
magnetic float polishing of workpieces made of magnetic 
materials such as steel balls for bearing applications. 
2. Background 
2 
speed relative to each other. The rounded slugs are then 
heat-treated to harden them whereupon they are ground and 
lapped to form finished ball bearings. Surface finish is 
generally achieved by lapping with a diamond paste in oil. 
5 Lapping involves working the surface of the balls in a 
grooved track formed between two working surfaces. As the 
balls roll along the surfaces of the grooves, a sliding 
movement of varying magnitude is set up which constitutes 
the lapping force. This lapping force, in combination with 
10 suitable lapping agents, causes gradual altering of the balls 
to a substantially geometrically spherical shape. 
Steel ball bearings are used extensively in industry for a 
myriad of applications. With the advent of vacuum melting 
technology, it is now possible to use steels with higher hot 
15 hardness, such as M50 tool steels, for applications requiring 
higher operating temperatures. However, the need to 
improve performance, conserve energy, and reduce costs to 
stay competitive has resulted in an increased emphasis on 
higher efficiency, higher load bearing capability, higher 
20 temperature capability, higher precision and rigidity, lower 
friction and wear, and longer and reliable life. Some believe 
that rolling contact steel bearings have reached their maxi-
mum potential and for many demanding applications alter-
nate materials must be used as bearing elements. Magnetic float polishing (MPF), sometimes termed mag-
25 
netic fluid grinding, is a "gentle" polishing technique based It is in this environment that the use of ceramics with 
higher hardness, lower density, higher chemical stability, 
higher modulus, lower friction, and higher wear resistance 
than steel has arisen, and, in connection with the manufac-
on the magneto-hydrodynamic behavior of a magnetic fluid 
that can float non-magnetic abrasive grains suspended in it. 
The magnetic fluid is generally a colloidal dispersion of 
extremely fine (100 to 150 A.) subdomain ferro-magnetic 30 particles, usually magnetite (Fe3 0 4 ), in water or hydrocar-
bon based carrier fluids such as kerosene. The ferrofluids are 
made stable against particle agglomeration by the addition 
of surfactants. 
When a magnetic fluid is placed in a magnetic field 
gradient, it is attracted towards the side having a higher 
magnetic field intensity. If a non-magnetic substance (e.g., 
abrasive grains in this case) is mixed in the magnetic fluid, 
35 
ture of ceramic ball bearings, the use of magnetic float 
polishing. Until the advent of magnetic float polishing, 
ceramic balls were finished using low polishing speeds ( a 
few hundred rpm) and diamond abrasive as a polishing 
medium. It takes a considerable time (some 12-15 weeks) to 
finish a batch of ceramic balls in this fashion, and the use of 
diamond abrasives at high loads often results in deep pits, 
it is discharged towards the side having a lower magnetic 
field intensity. When the field gradient is set in the gravita-
tional direction, the non-magnetic material is made to float 
on the fluid surface by the action of a magnetic buoyancy 
levitational force. The process is considered highly effective 
for finish polishing because the levitational force is applied 
scratches and microcracks on the ceramic ball surface. 
Magnetic float polishing was developed to allow for higher 
removal rates and shorter polishing cycles by using high 
polishing speeds with very low level controlled forces and 
40 
abrasives not much harder than the workpiece. Notwith-
standing the successful use of ceramics in ball bearing 
applications, there remain drawbacks, including a relatively 
high cost of manufacture, their inherent brittleness, and lack 
to the abrasive grains in a controlled manner. The forces 
applied by the abrasives to a workpiece set in the fluid are 
extremely small (about 1 Nor less). 
45 
Though extremely effective at providing high-
performance, polished surfaces, magnetic float polishing has 
been used to finish only non-magnetic materials, such as 50 
advanced ceramic balls for bearing applications, particularly 
alumina (A12 0 3), zirconia (Zr02), silicon carbide (SiC) and 
silicon nitride (Si3N4 ). This limitation arises from the nature 
of reliability in performance. 
It is an object of the present invention to provide a method 
for conducting magnetic float polishing on magnetic 
workpieces, such as a steel balls, so that the advantages of 
magnetic float polishing may be applied to broader tech-
nologies such as the manufacture of rolling contact steel 
bearings to increase the potential for the use of lower cost 
steel ball bearings in demanding applications. 
It is a further object of the invention that the method be 
performed utilizing existing magnetic float polishing hard-of the magnetic float polishing technique, which is based on 
the magnetohydrodynamic behavior of the magnetic fluid. 
Heretofore, magnetic fluid polishing has not been used in the 
finishing of magnetic materials, such as steel balls for 
bearing applications, as magnetic induction upon the work-
piece would adversely impact the dynamics of the magnetic 
float polishing system. 
55 ware. 
SUMMARY OF THE INVENTION 
The present invention encompasses the magnetic float 
polishing of magnetic materials. This is accomplished by 
60 isolating the magnetic workpiece from any appreciable 
magnetic induction and subsequently polishing the magnetic 
workpiece utilizing the action of a magnetic buoyancy 
levitational force with a conventional magnetic float polish-
The traditional manufacture of rolling element bearings of 
hardened chrome steels involves the rounding of cylindrical 
slugs followed by heat treatment, rough grinding, and fin-
ishing. The cylindrical slugs are cut from steel wire of proper 
size for the desired size of finished balls. These slugs are 65 
then rounded while in a soft "as cut" condition, such as by 
rolling the slugs between two plates which are rotated at low 
ing apparatus. 
The magnetic workpiece(s) is immersed in a magnetic 
fluid suspension which comprises a colloidal dispersion of 
magnetic particles in a carrier fluid and a quantity of 
5,957,753 
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non-magnetic abrasive grains. A magnetic field is applied to 
the magnetic fluid suspension to cause the magnetic particles 
4 
DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 
to be attracted downward to an area of higher magnetic field 
intensity and to thereby create an upward magnetic buoy-
ancy levitational force on the abrasive grains which pushes 5 
them to an area of lower magnetic field intensity (to the 
surface of the magnetic fluid suspension) and into a polish-
ing position. The magnetic workpiece is set in the magnetic 
fluid suspension where it can be contacted by the abrasive 
grains; however, it is isolated from the magnetic field so that 
it receives only negligible, if any, magnetic induction. With 10 
the magnetic workpiece so isolated, magnetic fluid polishing 
Before explaining the present invention in detail, 1t 1s 
important to understand that the invention is not limited in 
its application to the details of the construction and the steps 
illustrated herein. The invention is capable of other embodi-
ments and of being practiced or carried out in a variety of 
ways. It is to be understood that the phraseology and 
terminology employed herein is for the purpose of descrip-
tion and not of limitation. 
is conducted under the action of the magnetic buoyancy 
levitational force. 
The magnetic float polishing of magnetic materials may 
be conducted utilizing conventional apparatus of the type 
having a chamber for holding the magnetic fluid suspension 
and workpieces, beneath which a magnetic field is applied, 
and wherein a non-magnetic float, such as an acrylic float, is 
positioned in the suspension within the chamber. The cham-
ber is filled with the magnetic fluid suspension and the float 
is set therein. The workpieces are located above the top 
surface of the float. The conventional purpose of the float is 
to produce a more uniform and larger polishing pressure 
upon the workpieces by taking the larger buoyant force near 
the magnetic poles and evenly distributing it to the work-
pieces. 
In connection with the present invention, the magnetic 
workpieces are located in an area of negligible magnetic 
field intensity. In one aspect of the invention, and in addi-
tional to its conventional purpose, the float itself is also used 
to facilitate the establishment of the area of negligible 
magnetic field intensity. This is done by making the float of 
a sufficient thickness such that when the magnetic field is 
applied there is no appreciable magnetic field gradient in the 
area above the float where the workpieces are set. Increasing 
the thickness of the float increases the distance between the 
magnets and the top of the float, thereby minimizing the 
magnetic force component above the float. A spindle-driven 
shaft is fed down into the chamber to establish contact with 
the workpieces and presses them down to reach a desired 
force or height. The workpieces are polished under the 
action of the magnetic buoyancy levitational force when the 
spindle rotates. 
In another aspect of the invention, during a final polishing 
stage a harder shaft material is used, preferably an advanced 
ceramic such as SiC, B4 C, Al2 0 3 , or Si3 N4 . Also during this 
stage no abrasives are used, or, alternatively, softer chemo-
mechanical abrasives are utilized, to obtain the best sphe-
ricity and surface finish possible. 
A better understanding of the present invention, its several 
aspects, and its objects and advantages will become apparent 
to those skilled in the art from the following detailed 
description, taken in conjunction with the attached drawings, 
wherein there is shown and described the preferred embodi-
ment of the invention, simply by way of illustration of the 
best mode contemplated for carrying out the invention. As 
will be realized, the invention is capable of modifications in 
various obvious respects, all without departing from the 
scope of the invention. Accordingly, the description should 
be regarded as illustrative in nature and not as restrictive. 
BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a schematic of a magnetic float polishing 
apparatus. 
FIG. 2 is a contour map of the magnetic field intensity by 
ANSYS simulation of magnetic float polishing using per-
manent magnets. 
FIG. 1 is a schematic of a magnetic float polishing 
apparatus. Permanent magnets 10 are supported on a steel 
yoke 12 within an non-magnetic base 14. The magnets 10 
15 are located with alternate N and S poles underneath a float 
chamber 16. Although permanent magnets are illustrated, it 
is within the scope of the invention to use an electromagnet 
instead of permanent magnets in order to achieve some 
flexibility in providing the desired magnetic field. A guide 
20 ring 18 is mounted on top of the float chamber 16 to hold a 
quantity of magnetic fluid 20. The base 14 and guide ring 18 
define the float chamber 16 and are preferably made of 
aluminum, non-magnetic austenitic stainless steel, ceramic 
or acrylic materials. The magnetic fluid 20 preferably con-
25 tains 5-10% by volume of fine abrasive particles 22. As used 
herein the term "magnetic fluid suspension" means the 
combination of the magnetic fluid 20 and abrasive particles 
or grains 22. Typical abrasive grains 22 are B4C and SiC, but 
the invention is not limited to the use of any particular 
30 abrasive materials. Workpieces 24 are held in a 3-point 
contact between a lightweight, non-magnetic float 26, such 
as an acrylic float, at the bottom, a rubber ring 28 glued to 
the inner surface of the guide ring 18 on the side, and the 
beveled edge 30 of a drive shaft 32 at the top. The drive shaft 
35 32 is connected to the spindle 34 of a milling machine or 
other spindle capable of operating in a speed range up to 
6,000 to 10,000 rpm. As described hereinabove, the mag-
netic flujd 20 is a colloidal dispersion of extremely fine (100 
to 150 A) subdomain ferromagnetic particles, usually mag-
40 netite (Fe3 0 4), in a carrier fluid, such as water or kerosene. 
It is made stable against particle agglomeration by coating 
the particles with an appropriate surfactant. 
When a magnetic field is applied, the magnetic particles 
in the magnetic fluid 20 are attracted downward to an area 
45 of higher magnetic field intensity and an upward magnetic 
buoyancy levitational force is exerted on all non-magnetic 
materials to push them upward to an area of lower magnetic 
field intensity. The abrasive grains 22 and float 26, being 
non-magnetic materials, are levitated by the magnetic buoy-
so ancy levitational force. The drive shaft 32 is fed down to 
contact with the workpieces 24 (3-point contact) and presses 
them down to reach the desired force or height. The work-
pieces 24 are polished by the abrasive grains 22 under the 
action of the magnetic buoyancy levitational force when the 
ss spindle 34 rotates. Reference is made Applicants' copending 
U.S. patent application Ser. No. 08/940,254, filed Sep. 30, 
1997, which discloses magnetic float polishing processes 
and materials therefor, the same being incorporated herein 
by reference. 
60 In connection with the present invention, the workpieces 
24 are magnetic materials, and, for illustrative purposes, ball 
blanks such as steel balls for bearing applications. The 
magnetic workpieces 24 are immersed in the magnetic fluid 
suspension atop the float 26, but are isolated from the 
65 magnetic field to avoid any appreciable magnetic induction. 
This allows the magnetic workpieces 24 to be finished in a 
manner similar to ceramic balls. Once the magnetic field is 
5,957,753 
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applied to the magnetic fluid suspension, the magnetic 
particles therein are attracted downward to an area of higher 
magnetic field intensity ( or magnetic flux density). This 
creates an upward magnetic buoyancy levitational force on 
the abrasive grains 22 and the float 26 which pushes them to 
an area of lower magnetic field intensity. Abrasive grains 22 
between the float 26 and the workpieces 24 are pushed onto 
the workpieces 24 and polishing or finishing occurs as the 
abrasive grains 22 and workpieces 24 move against each 
other. 
The magnetic workpieces 24 are isolated from magnetic 
induction by ensuring that the workpieces 24 are a spaced far 
enough away from the top of the magnets 10 that they are in 
6 
magnets 10 ( 6 mm width) is - 1.5 KGauss. At 1 mm it drops 
to 0.7, at 2.5 mm it is 0.26, at 6 mm it is 0.175 and at 7.5 
mm it is practically zero. The conventional magnetic float 
polishing apparatus as hereinabove described is constructed 
5 to take into account these dimensions such that during 
operation the top surface of the float 26 upon which the 
workpieces 24 are set defines an area of negligible magnetic 
field intensity. 
FIG. 2 is a typical magnetic flux density plot from FEM 
10 analysis illustrating the varying magnetic field intensity 
achieved in connection with the practice of the preferred 
embodiment of the invention. Permanent magnets 10 are 
supported on the steel yoke or plate 12 with alternate N and 
S poles underneath the float chamber 16. The magnetic fluid an area of negligible magnetic field intensity. In the case of 
finishing non-magnetic materials, such as ceramic balls, the 
downward acting forces are those due to the weight of the 
balls (gravity force) and the polishing forces acting on the 
balls. The latter is typically -1 N/ball. In the case of 
magnetic materials, such as steel balls, there are two addi-
tional forces to consider. First, as the density of magnetic 20 
balls, such as steel balls, is much higher (-40%) than 
ceramic balls, the downward gravity force is higher. 
Secondly, there is an additional downward magnetic force 
due to the attraction of the magnetic material towards the 
magnets. To effectively accomplishing magnetic float pol- 25 
ishing of magnetic balls, the magnetic buoyancy levitational 
force has to overcome these two extra forces. Accordingly, 
the net magnetic buoyancy levitational force acting on the 
bottom of the float 26 upwards should be equal to or greater 
than the sum of the gravity force acting on the balls, the 30 
downward magnetic force due to magnetic induction, plus 
the polishing force applied on the balls by the abrasive. 
Otherwise, the float 26 will sink to the bottom of the 
chamber 16 and will not be free to rotate during polishing. 
15 20 is contained in the chamber 16, and set in the magnetic 
fluid 20 is the acrylic float 26. The unit of measurement is 
the Tesla. 
As is seen in FIG. 2, the magnetic flux density in the area 
just above the magnets 10 is in the range of 0.45 to 0.55. The 
magnetic flux density dissipates over distance such that at 
the bottom surface of the float 16 the flux density ranges 
from about 0.25 to 0.45. A critical reading is obtained at the 
top surface of the float 16 which is where the workpieces 24 
are located during polishing. At this point the flux density 
ranges from around 0.00 to 0.15. The upper surface of the 
float 16 and the area thereabove is thus defined as an area of 
negligible magnetic field intensity. When positioned in this 
area the workpieces 24 are thus isolated from any appre-
ciable magnetic induction. In conjunction with the present 
invention, the term "negligible" or "not appreciable" when 
used to refer to magnetic induction upon the workpieces 24 
means an absence of significant induction. Significant induc-
tion is that which would exceed the net magnetic buoyancy 
levitational force acting on the bottom of the float 26 
upwards when summed with the weight of the balls and the 
force applied on the balls by the abrasive. 
A minimum gap (-0.5-1.0 mm) between the bottom of the 35 
chamber 16 and the float 26 should also be maintained to 
allow the float 26 to properly operate. If the magnetic 
workpieces 24 are located at or near the distance where the 
magnetic field intensity is very small or negligible, then the 
downward magnetic force component due the balls is neg-
ligible. This can be accomplished by increasing the distance 
between the magnets 10 and the top of the float 26. 
Since the magnetic field decreases rapidly as the distance 
from the magnets 10 increases, one way to facilitate isola-
tion of the magnetic workpieces 24 from the magnetic field 
is by making the float 26 of a thickness sufficient to 
effectively minimize the downward magnetic force compo-
nent of the magnetic ball material. Consequently, when the 
magnetic field is applied there is no appreciable magnetic 
field gradient in the area above the float 26 and negligible 
magnetic induction upon the magnetic workpieces 24. 
Another way to minimize magnetic induction upon the balls 
is to vary the thickness of the floor of the magnetic fluid 
chamber 16. Still further, the position of the workpieces 24 
in the chamber 16 may also be controlled by careful setting 
Another aspect of the present invention further facilitates 
the finishing of magnetic materials by magnetic float pol-
ishing. While in the case of ceramic balls a non-magnetic 
40 austenitic stainless steel shaft 32 is generally used, such is 
not acceptable in the final finishing stages for the polishing 
of steel balls. While for roughing and semi-finishing stages 
it is possible to use a steel shaft 32, in order to obtain the best 
sphericity and finish it was found necessary to use a harder 
45 shaft material, perferably an advanced ceramic such as SiC, 
B4 C, Al2 O3 , or Si3 N4 , for final stage finishing. Additionally, 
it is preferred that during this stage to use either no abrasive 
or softer abrasives that can participate in the chemo-
mechanical action between the balls, the abrasives and the 
50 environment. While in the case of ceramic balls, it is desired 
to minimize the influence of hard abrasives in causing brittle 
fracture leading to microfracture of the balls, in the case of 
softer steel balls it is necessary to minimize the plastically 
deformed groove formation or scratching made by the 
55 harder abrasives. Once the material from the balls is 
of the drive shaft 32, which is fed down to contact with the 
workpieces 24 and presses them down to reach the desired 
force or height. Whatever means is used to achieve it, the 
critical aspect is to obtain a physical separation between the 
balls and the top of the magnets that is sufficient to effec- 60 
tively isolate the balls from any appreciable magnetic induc-
removed to the final dimensions, improvements in sphericity 
and finish can be obtained by taking advantage of micro-
brinelling of the surfaces of the balls by the hard advanced 
ceramic shaft 32. In this way, fine amounts of material are 
either removed from the tips of the surface or deformed 
locally ( or redistributed) to obtain the best sphericity and 
tion. 
The magnetic field strength is maximum at the face of the 
magnets 10 and decreases rapidly with increasing distance 
from the magnets 10 till it becomes vanishingly small at 
higher distance. As one example of the preferred 
embodiment, the magnetic flux density at the face of the 
finish. Without this it is practically impossible to obtain 
bearing grade balls economically. 
Thus, the present invention can be utilized to successfully 
65 polish magnetic materials such as stainless steel balls by 
magnetic float polishing. The technique is far superior to the 
state of the art where serious problems are encountered due 
5,957,753 
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to residual stresses induced during polishing and various 
heat treatment cycles to which the balls are subjected. The 
invention enables use of the balls in their hardened state for 
polishing, thereby eliminating substantial processing time. 
While the invention has been described with a certain 5 
degree of particularity, it is manifest that many changes may 
be made without departing from the spirit and scope of the 
invention. It is understood that the invention is not limited 
8 
3. The method according to claim 1 wherein the magnetic 
fluid suspension contains chemo-mechanical abrasives hav-
ing a hardness substantially equivalent to the hardness of the 
workpiece. 
4. A method for conducting magnetic float polishing on a 
magnetic workpiece in a magnetic float polishing apparatus 
of the type having a chamber to hold a magnetic fluid 
suspension, a non-magnetic float set in the suspension 
within the chamber above a chamber floor, the top surface of 
to the embodiment(s) set for herein for purposes of 
exemplification, but is to be limited only by the scope of the 
attached claim or claims, including the full range of equiva-
lency to which each element thereof is entitled. 
10 the float defining a polishing area, a polishing shaft, and 
magnet means located beneath the chamber for applying a 
magnetic field to the suspension, comprising: 
What is claimed is: 
1. A method for conducting the final finishing stage of 
magnetic float polishing on a magnetic workpiece in a 15 
magnetic float polishing apparatus of the type having a 
chamber to hold a magnetic fluid suspension, a non-
magnetic float set in the suspension within the chamber 
above a chamber floor, the top surface of the float defining 
a polishing area, a polishing shaft, and magnet means 20 
located beneath the chamber for applying a magnetic field to 
the suspension, comprising: 
immersing the magnetic workpiece in the magnetic fluid 
suspension in the polishing area above the top surface 
~~fl~ ~ 
applying a magnetic field to the magnetic fluid suspension 
from beneath the chamber to create an upward mag-
netic buoyancy levitational force acting on the bottom 
of the float; 30 
regulating the upward magnetic buoyancy levitational 
force so that the levitational force equals or exceeds the 
sum of the gravity force acting upon the magnetic 
workpiece, polishing forces acting upon the magnetic 
workpiece and any downward magnetic force arising 35 
from magnetic induction upon the magnetic workpiece 
and is sufficient to establish a gap of at least 0.5 mm 
between the chamber floor and the bottom of the float; 
and 
immersing the magnetic workpiece in the magnetic fluid 
suspension in the polishing area above the top surface 
of the float, the magnetic fluid suspension comprising 
a colloidal dispersion of magnetic particles in a carrier 
fluid and a quantity of non-magnetic abrasive grains; 
applying a magnetic field to the magnetic fluid suspension 
from beneath the chamber floor to cause the magnetic 
particles to be attracted downward to an area of higher 
magnetic field intensity and to thereby create an 
upward magnetic buoyancy levitational force acting on 
the bottom of the float; 
regulating the upward magnetic buoyancy levitational 
force so that the levitational force equals or exceeds the 
sum of the gravity force acting upon the magnetic 
workpiece, polishing forces acting upon the magnetic 
workpiece and any downward magnetic force arising 
from magnetic induction upon the magnetic workpiece 
and is sufficient to establish a gap of at least 0.5 mm 
between the chamber floor and the bottom of the float; 
and 
polishing the magnetic workpiece utilizing the abrasive 
grains under the action of the magnetic buoyancy 
levitational force. 
5. The method according to claim 1 further comprising 
selecting a magnetic field strength and a float thickness 
whereby the magnetic flux density at the top surface of the 
float when the magnetic field is applied ranges from 0.00 to 
contacting the magnetic workpiece with the polishing 
shaft, wherein the shaft is formed of an advanced 
ceramic material, and polishing the magnetic work-
piece under the action of the magnetic buoyancy levi-
tational force. 
40 0.15 Tesla. 
2. The method according to claim 1 wherein the magnetic 45 
fluid suspension contains no abrasives. 
6. The method according to claim 4 wherein the magnetic 
particles are extremely fine (100-150 A.) subdomain ferro-
magnetic particles and the carrier fluid is water or hydro-
carbon based. 
* * * * * 
